9, 10-bis(3,5-dihydroxyphenyl)anthracene (BDHA) and 2,2′,4,4′-tetrahydroxybenzophenone (THB) are crystallized with bipyridine bases 4,4´-bipyridyl (bipy), 1,2-bis(4-pyridyl)ethane (bipy-eta), 1,2-di(4-pyridyl)ethylene (dipy-ete), 1,3-di(4-pyridyl)propane (dipy-pra), 4,4´-dipyridyl sulfide (dipy-sul), and 4,4´-dipyridyl disulfide (dipy-dis) to afford molecular complexes (BDHA)·(bipy) 2 1, (BDHA)·(bipy-eta) 2 2, (BDHA) 0.5 ·(dipy-pra)·CH 3 CH 2 OH 3, (BDHA) 0.5 ·(dipy-sul)·H 2 O 4, (BDHA) 0.5 ·(dipydis)·CH 3 CH 2 OH 5 and (THB)·(dipy-ete) 2 ·H 2 O 6. The crystal structures of 1-6 have been determined by single-crystal X-ray diffraction. All these molecular complexes exhibit polymeric supramolecular structures via O-H···N or O-H···O hydrogen-bonding. 1 and 2 form infinitely rectangular macrocycles linked with one another, whose sizes are ca.12.477 Å × 4.802 Å and ca.14.575 Å × 4.809 Å, respectively. 3, 5 and 6 form the one-dimensional zigzag chain structure. 4 forms a ladder structure, and two dipy-sul molecules were included in a frame.
Introduction
Crystal engineering has attracted a great deal of interest because of their potential applications, such as in magnetism, catalysis, molecular recognition, ion exchange, small molecule inclusion, nonlinear optics, molecular sensing, and, in general, the rational design of new materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . During past few decades, a number of supramolecular architectures have been successfully designed and synthesized through self-assembly from different components by noncovalent, multiple intermolecular interaction [12] [13] [14] . Hydrogen bonding is the master key in crystal engineering, supramolecular chemistry, and biological recognition. The directional nature of hydrogen bonds is exploited in the organized selfassembly of molecules in solution and solid state [15] [16] [17] . Among many examples, hydrogen bonding between hydroxy and pyridyl is a useful and powerful organizing force and has been utilized for the formation of supramolecules [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
We have recently studied the supramolecular chemistry based on 4, 4′-(9-fluorenylidene)diphenol, 4, 4′-cyclohexylidenebisphenol, bis(2-hydroxy-5-chlorophenyl) sulfide, spirobicromane and adamantane derivatives with bipyridines via O-H···N or O-H···O hydrogen-bonding [29] [30] [31] . We will report herein the preparation, and crystal structures of six related acid-base cocrystals based on 9, 10-bis(3,5-dihydroxyphenyl)anthracene (BDHA) and 2,2′,4,4′-tetrahydroxybenzophenone (THB) with bipyridine bases 4,4´-bipyridyl (bipy), 1,2-bis(4-pyridyl)ethane (bipy-eta), 1,2-di(4-pyridyl)ethylene (dipy-ete), 1,3-di(4-pyridyl)propane (dipy-pra), 4,4´-dipyridyl sulfide (dipy-sul), and 4,4´-dipyridyl disulfide (dipy-dis). This provides an opportunity to elucidate the difference in the formation of novel topologies in these six cocrystals. The structures of 9, 10-bis(3,5-dihydroxyphenyl)anthracene (BDHA) and 2,2′,4,4′-tetrahydroxybenzophenone (THB) are shown in Chart 1. BDHA is a host system, which has guest-removal, -addition, -exchange properties [32] [33] [34] , and THB is widely used as an ultraviolet protecting agent [35, 36] . Each BDHA and THB molecule has four hydroxy groups, and one bipyridine molecule has two N atoms. Self-assembly via O-H···N between BDHA or THB and bipyridine in EtOH was carried out. We anticipated that 1-D supramolecular hydrogen-bonded polymer would be formed. With this in mind, we prepared six polymeric hydrogen-bonded supramolecules by selfassembling of BDHA or THB with 4,4´-bipyridyl (bipy), 1,2-bis(4-pyridyl)ethane (bipy-eta), 1,2-di(4-pyridyl)ethylene (dipy-ete), 1,3-di(4-pyridyl)propane (dipy-pra), 4,4´-dipyridyl sulfide (dipy-sul), and 4,4´-dipyridyl disulfide (dipy-dis), respectively. 
Results and Discussion
Synthesis: BDHA (1mmol) and/or THB (1mmol) can be reacted with bipyridines (2mmol) in ethanolic solution at room temperature. Colorless crystals were obtained by slow evaporation of the solvent after a week. The product was (BDHA)·(bipy) 2 
Crystal Structure of (BDHA)·(bipy) 2 1. Single crystals of 1 ( Figure 1 ) were obtained from ethanol solution after slow evaporation of the solvent at ambient conditions and examined using single-crystal X-ray diffraction method. It gave a triclinic crystal lattice with a P-1 space group. Selected crystal data and structural refinement parameters of 1 are given in Table 1 and hydrogen bond metrics are given in Table 2 .
The crystal structure of 1 is shown in Figure 1a . The crystal consists of only chain frameworks without crystal solvent. The asymmetric unit of 1 consists of one molecules of BDHA and four equivalent halves of bipy formimg four different BDHA/bipy heterodimers. One BDHA molecule is alternatively linked with four bipy molecules through four intermolecular O-H···N hydrogen-bondings, thus stacking in an alternating pattern of AB 2 AB 2 AB 2 . The four H atoms in OH groups of BDHA bond to N atoms of bipy molecules to form four intermolecular O-H···N hydrogen-bondings. Figure 1b shows the crystal packing of 1 down the a axis and that 1-D supramolecular polymers are packed in a columnar manner to form infinitely rectangular macrocycles, where the neighboring two bipy molecules are nearly parallel to each other. These macrocycles are linked with one another and their sizes are ca.12.477 Å × 4.802 Å. In addition the neighboring macrocycles are also parallel to each other.
Crystal Structure of (BDHA)·(bipy-eta) 2 2. Single crystals of 2 ( Figure 2 ) were grown from ethanol solution by slow evaporation at room temperature and examined using single-crystal X-ray diffraction method. A triclinic crystal lattice with a P-1 space group is identified. Selected crystal data and structural refinement parameters of 2 are given in Table 1 and hydrogen bond metrics are given in Table 2 .
The crystal structure of 2 is similar to that of 1 and they belong to the same space group (Table 1 ). Figure 2b shows the crystal packing of 2 down the a axis. Seen from the direction of the a axis, the crystal packing also seems to form infinitely rectangular macrocycles linked with one another, with sizes ca. 14.575 Å × 4.809 Å. The macrocyclic sizes of 2 are bigger than those of 1 because bipyeta is longer than bipy. In each macrocycle, the neighboring two bipy-eta molecules are nearly parallel to each other. Additionally, the neighboring macrocycles have a parallel orientation.
Crystal Structure of (BDHA) 0.5 ·(dipy-pra)·CH 3 CH 2 OH 3. Single crystals of 3 ( Figure 3 ) were obtained from ethanol solution after slow evaporation of the solvent at ambient conditions and examined using single-crystal X-ray diffraction method. It is associated with a triclinic crystal lattice with a P-1 space group. Selected crystal data and structural refinement parameters of 3 are given in Table 1 and hydrogen bond metrics are given in Table 2 . Figure 3a shows the geometry with the chain matrix bridged by dipy-pra and EtOH. One BDHA molecule is alternatively linked with two dipy-pra molecules and two EtOH molecules through O-H···N and O-H···O hydrogen-bondings, respectively. Figure 3b shows the crystal packing of 3 down the a axis. Three sorts of hydrogen-bondings form in the crystal packing of 3: Two H atoms in two OH groups of one BDHA molecule bond to two N atoms of two dipy-pra molecules to form two O-H···N hydrogen-bondings; Two H atoms in the other two OH groups of the BDHA molecule bond to two O atoms of two EtOH molecules to form two O-H···O hydrogen-bondings. The hydrogen in OH group of the EtOH molecule bonds to N of another dipy-pra molecule to form one O-H···N hydrogen-bonding. This arrangement leads to one-dimensional zigzag chain structure.
Crystal Structure of (BDHA) 0.5 ·(dipy-sul)·H 2 O 4. Single crystals of 4 ( Figure 4 ) were grown from ethanol solution after slow evaporation of the solvent at ambient conditions and examined using singlecrystal X-ray diffraction method. It is identified as a monoclinic crystal lattice with a C2/c space group. Selected crystal data and structural refinement parameters of 4 are given in Table 1 and hydrogen bond metrics are given in Table 2 . Figure 4a shows the geometry with the chain framework bridged by dipy-sul and H 2 O. One BDHA molecule is alternatively linked with two dipy-sul molecules and two H 2 O molecules through O-H···N and O-H···O hydrogen-bondings, respectively. Figure 4b shows the crystal packing of 4 down the c axis. Four sorts of hydrogen-bondings form in the crystal packing of 4: Two H atoms in two OH groups of one BDHA molecule bond to two N atoms of two dipy-sul molecules to form two O-H···N hydrogen-bondings; Two H atoms in the other two OH groups of the BDHA molecule bond to two O atoms of two H 2 O molecules to form two O-H···O hydrogen-bondings; One hydrogen of the H 2 O molecule bonds to one O atom in OH group of BDHA to form O-H···O hydrogen-bonding; The another hydrogen of H 2 O bonds to N of dipy-sul molecule to form O-H···N hydrogen-bonding. This arrangement leads to a ladder structure, and two dipy-sul molecules were included in a frame.
Crystal Structure of (BDHA) 0.5 ·(dipy-dis)·CH 3 CH 2 OH 5. Single crystals of 5 ( Figure 5 ) were grown from ethanol solution after slow evaporation of the solvent at ambient conditions and examined using single-crystal X-ray diffraction method. A monoclinic crystal lattice with a P2(1)/c space group is identified. Selected crystal data and structural refinement parameters of 5 are given in Table 1 and hydrogen bond metrics are given in Table 2 . Figure 5a shows the geometry with the chain frame bridged by dipy-dis and EtOH. It is noteworthy that crystals 3 and 5 belong to two different space groups (Table 1) . Nevertheless, they have very similar patterns of molecular packing. One BDHA molecule is alternatively linked with two dipy-dis molecules and two EtOH molecules through O-H···N and O-H···O hydrogen-bondings, respectively. Figure 5b shows the crystal packing of 5 down the a axis. Three sorts of hydrogen-bondings form in the crystal packing of 5: Two H atoms in two OH groups of one BDHA molecule bond to two N atoms of two dipy-dis molecules to form two O-H···N hydrogen-bondings; Two H atoms in the other two OH groups of the BDHA molecule bond to two O atoms of two EtOH molecules to form two O-H···O hydrogen-bondings; The hydrogen in OH group of the EtOH molecule bonds to N of another dipy-dis molecule to form one O-H···N hydrogen-bonding. This arrangement leads to one-dimensional zigzag chain structure.
Crystal Structure of (THB)·(dipy-ete) 2 ·H 2 O 6. Single crystals of 6 ( Figure 6 ) were grown from ethanol solution after slow evaporation of the solvent at ambient conditions and examined using singlecrystal X-ray diffraction method. It belongs to a triclinic crystal lattice with a P-1 space group. Selected crystal data and structural refinement parameters of 6 are given in Table 1 and hydrogen bond metrics are given in Table 2 .
The crystal structure of 6 is shown in Figure 6a . One THB molecule is alternatively linked with two dipy-ete molecules and one H 2 O molecule through O-H···N and O-H···O hydrogen-bondings, respectively. Figure 6b shows the crystal packing of 6 down the a axis. Four sorts of hydrogen-bondings form in the crystal packing of 6: Two H atoms in two OH groups of one THB molecule bond to two N atoms of two dipy-ete molecules to form two O-H···N hydrogen-bondings; The H atom in the third OH group of the THB molecule bonds to the O atom of one H 2 O molecule to form one O-H···O hydrogen-bonding; The H atom in the fourth OH group of the THB molecule bonds to the O atom in carbonyl group of the THB molecule to form the intramolecular hydrogen-bonding. The neighboring two dipy-ete molecules have a parallel orientation. This arrangement leads to one-dimensional zigzag chain structure, and there is one independent dipy-ete molecule along the zigzag chain. In addition the dihedral angle of two six membered aromatic rings in THB molecule is ca. 44º, which is in agreement with the published value [35, 36] .
The results of the X-ray structural studies involving host compound BDHA in 1-5 showed one common feature: the conformation was sustained by BDHA in all five structures where the planes of the anthracene backbone and the two phenolic units are twisted nearly perpendicular to each other, and the two phenolic units are nearly parallel to each other ( Figures. 1-5) [ [32] [33] [34] ].
For the BDHA molecule, by changing the guest molecule, we can obtain either structurally similar or different supramolecular hydrogen-bonded polymers through interactions of host-guest systems. The conformations of the bipyridines play an important role in the assembly processes. Both bipy and bipyeta are linear molecules, 1 and 2 form infinitely rectangular macrocycles, whereas dipy-pra, dipy-sul and dipy-dis are V-shaped molecules [the N(1)C(25)N(2) in dipy-pra, N(1)S(1)N(2) in dipy-sul and N(1)S(1)N(2) angles in dipy-dis are 130º, 110º and 105º, respectively] and more flexible than bipy and bipy-eta, 3 and 5 easily form the one-dimensional zigzag chain structure, and 4 forms a ladder structure. For the THB molecule, although dipy-ete is also a linear molecule, it is unfavourable for 6 to form infinitely rectangular macrocycles, but rather a one-dimensional zigzag chain structure because of the intramolecular hydrogen-bonding that occurs in the THB molecule. Such studies are important to crystal engineering. It is possible to obtain novel topologies and extend the study to combinatorial libraries of intermolecular interactions for the exploration of formation of various types of host-guest systems, by changing the guest molecule. Some related experiments are in progress.
Conclusions
In this work, 9, 10-bis(3,5-dihydroxyphenyl)anthracene (BDHA) and 2,2′,4,4′-tetrahydroxybenzophenone (THB) are used to construct supramolecular architecture based on crystal engineering. Either similar or different supramolecular hydrogen-bonded polymers would be formed through self-assembly via O-H···N or O-H···O hydrogen-bonding between BDHA and THB with bipyridines. Self-assembling of BDHA with bipy forms infinitely rectangular macrocycles linked with one another, whose sizes are 12.477 Å × 4.802 Å. Self-assembling of BDHA with bipy-eta also forms infinitely rectangular macrocycles linked with one another, whose sizes are 14.575 Å × 4.809 Å. Selfassembling of BDHA with dipy-pra forms the one-dimensional zigzag chain structure. Self-assembling of BDHA with dipy-sul forms a ladder structure. Self-assembling of BDHA with dipy-dis forms the one-dimensional zigzag chain structure. Self-assembling of THB with dipy-ete forms the onedimensional zigzag chain structure. 
Experimental Section
All materials (including BDHA and THB) were obtained from commercial suppliers (ACROS ORGANICS and TOKYO KASEI KOGYO CO., LTD) and used without further purification. 
Syntheses of cocrystals

X-ray Crystallographic Analyses
The diffraction data for 1-6 were collected on a Rigaku RAXISRAPID automated diffractometer at room temperature using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The structure was solved by direct methods and successive difference maps (SHELXS 97) [37] and refined by full-matrix least squares on F 2 using all uniqe data (SHELXL 97) [38] . The non-hydrogen atoms were refined anisotropically. Hydrogen atoms in these structures were placed in the ideal positions or located from the differiential Fourier map. Crystal data and experimental details for the crystals of 1-6 are given in Table 1 . Hydrogen bond metrics are given in Table 2 . All bond distances and angles of the molecule are normal [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
